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Abstract: Despite steam sterilisation in autoclaves being a common industrial method of sterilisation, very little
research has been conducted into quantifying the resources these processes demand and their associated
environmental impacts. This paper aims to investigate industrial steam sterilisation in autoclaves with particular
application to the biopharmaceutical industry. A mathematical model of a steam autoclave was developed
to examine relationships between load size, load material properties and autoclave capacity with energy
consumption, environmental impact and cost of sterilisation. The two main energy requirements are thermal
energy to produce the clean steam for sterilising, and electrical energy for the vacuum pump. The study showed
that thermal energy is dominant, particularly asload increases. The percentage of the maximum load at which the
autoclave is operated has a major impact on the specific energy requirement or the energy required to sterilise
per unit mass of load. For a given autoclave, the energy requirement increases with increased load but the specific
energy requirement decreases. This in turn impacts on the emissions and the energy cost. It is thus shown that it is
much more energy efficient to operate at higher loads, making the autoclave much more energy and cost effective,
and with less environmental impact. There is potential for applying the analysis presented in this work for
conducting optimisation studies for determining the sizes of autoclaves that could minimise the energy
requirement, environmental impact and economic cost (3E) of investments for specified load versus time profiles.

Keywords: 3E; biopharmaceutical; economic; energy; environmental; steam sterilisation.

Nomenclature

Coi specific heat of load (k] kg™ °C™")

Cow specific heat of water (k] kg™ °C™")

Cpss specific heat of stainless steel (k] kg™ °C™")

Hygaa heat energy required to heat the load to the sterilisation temperature (k])

Hypss heat loss from autoclave to the surroundings (kJ)

Hioss rate of heat loss from autoclave to surroundings (k) s

Hgiruct heat energy required to heat the autoclave chamber structure (kJ)

Qautoclave autoclave steam energy requirement (kJ)

Qboiler heat energy requirement to produce clean steam in clean steam boiler (kJ)
Qboiler_losses heat energy requirement to compensate for boiler losses in clean steam boiler (k)
Qchamb steam energy requirement for uncondensed steam in the autoclave chamber (k])
Qcond steam energy requirement for conditioning (k)

Qioad steam energy requirement to heat load to sterilisation temperature (kJ)
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Quoss steam energy requirement to compensate for heat loss to surroundings (k)
Qstruct steam energy requirement to heat autoclave chamber structure (kJ)

Qwrr thermal energy requirement to produce WFI (kJ)

m mass of load (kg)

Mistruct mass of autoclave chamber structure (kg)

Mg mass of steam to autoclave (kg)

Ms_cond mass of steam for conditioning (kg)

Ms 10ad mass of steam to heat the load (kg)

Ms chamb mass of steam to fill the chamber (kg)

Ms_struct mass of steam for to heat the autoclave structure (kg)

Mg 1055 mass of steam to compensate for heat loss (kg)

N impeller speed (rpm)

p pressure (Pa)

Po initial pressure (Pa)

P pump power requirement (kW)

Reony convective heat transfer resistance from autoclave to surroundings (°C kW™
Ryan conductive heat transfer resistance through autoclave door wall (°C kwW™)
S pump gas suction volumetric flowrate (m> h™")

t time (s)

ts sterilisation cycle time (s)

T; initial temperature of WFI (°C)

Tinitial initial temperature of load (°C)

Ts temperature of boiling steam at the corresponding operating pressure (°C)
Tsurr temperature of autoclave surroundings (°C)

14 autoclave internal volume (m?)

Vehamb autoclave internal volume accessible to steam (m?)

Venclosed empty volume within a load that steam cannot penetrate into (m?)

Vioad volume of load material (m?)

Vinax load maximum load volume in autoclave (m)

% Viax load maximum load volume expressed as a percentage of autoclave internal volume (%)
Vsteam steam specific volume (m* kg™)

WEFI water for injection

np clean steam boiler efficiency

Ay latent heat of vaporisation of water (k] kg‘1)

1 Introduction

Global warming is likely to reach 1.5 °C above pre-industrial levels between 2030 and 2052 if it continues to
increase at the current rate, which would result in higher mean temperatures, higher instances of extreme
weather, drought, and rising sea levels [1]. Carbon emissions are responsible for almost two-thirds of global
greenhouse gas emissions [2], while industrial processes are responsible for approximately 22 % of carbon
emissions. Therefore, in order to limit the impact of climate change, more sustainable methods of industrial
processes, including biopharmaceutical processes are required [3]. This extends to the sustainable use of phase
change materials, such as steam in such industrial processes [4, 5], as steam systems account for roughly 30 % of
the energy used in manufacturing facilities [6]. According to Hasanbeigi et al. [7], opportunities for improving
inefficiencies in steam systems are plentiful. Hasanbeigi et al. also found that the total cost of saving a unit of
energy is lower than purchasing a unit of energy. Therefore there is also an economic incentive for industries
to improve energy efficiency in their steam systems. Mousavi et al. [8] also highlighted the importance of
considering both energy and water consumption. The analysis under respective energy, environmental, and
economic imperatives could be classified as 3E, or sometimes 4E (referring to energy, exergy, economic and
environmental considerations) [9], or even 6E (incorporating exergoeconomic, exergoenvironmental) [10], an
approach which has been applied to various industrial sectors such as optimized novel power generation
and geothermal and solar-based multigeneration systems [11-13]. The outputs of these analyses typically involve
the estimation of costs per unit energy and/or per unit mass.
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Sterilisation procedures are used to eliminate pathogens and biological agents from a surface in order to
remove the adverse risks related to their presence, notably in the food and medical industries [14]. A common
method is ‘moist-heat’ or steam sterilisation. This method utilises saturated steam at temperatures of 121 °C for a
specified period of time to denature biological substances and destroy micro-organisms [14]. Steam is by far the
most common sterilant used in industry but other sterilants are available. Steam sterilisation uses no toxic
chemicals, which gives it an advantage over chemical sterilants. Steam possesses great microbicidal and spori-
cidal properties and acts rapidly. However, steam sterilisation has a high overall environmental impact when
compared to other forms of sterilisation [15]. Consequently, it is especially important that methods of improving
energy efficiencies during steam sterilisation processes are found so this environmental impact can be reduced.

The length of time exposed to a sterilant is a critical factor because all the organisms to be removed do not die
at the same time. A common time and temperature combination is 121 °C for 12 min [14]. Saturated steam must
come into contact with respective surfaces to be sterilised so that energy can be transferred. Therefore, nothing
must come between the steam and the surface to be sterilised. This is a challenge because most of the equipment
that needs to be sterilised, such as vials and tubing contain a lot of air which can act as an insulating barrier. Air
will inhibit heat transfer, thus compromising the sterilisation process. Therefore, it must be removed from the
chamber before direct steam contact can occur [16]. This is accomplished by the use of a series of vacuum pulses
that pull a vacuum and remove air from the chamber prior to sterilisation.

Items must be dry before they can be aseptically removed from the steriliser. Condensation occurs as a result
of steam contact with the cooler surfaces of the load. The presence of condensation can cause re-contamination of
the load as microbes will thrive in warm, damp conditions [16]. A steam steriliser dries the load after sterilisation
by drawing a deep vacuum in the chamber. A vacuum of 6.9 kPa is recommended for efficient drying. At these
pressures, water boils at much lower temperatures and can be removed as steam through the steriliser’s vacuum
system.

Two common methods of steam sterilisation used in industry are ‘steam-in-place’ (SIP) and steam
sterilisation autoclaves. Steam-in-place is a method for timed in-line sterilisation of the upstream and down-
stream biopharmaceutical production train using “clean steam”, whereas an autoclave is a pressure chamber that
subjects its contents to pressurised saturated steam [17]. The “clean steam” used must be made from very pure
water and is defined by the purity of the water that is used to make it. Two grades of high purity water that are
defined in the US Pharmacopeia are purified water and water for injection (WFI) [18, 19]. Purified water must
meet specifications for conductivity, total organic carbon, and a microbial specification. WFI is of a higher purity
than purified water. It must meet the same chemical specification but has a much higher microbial specification.

The motivation for the study presented in this paper originated from one of the authors who worked in the
biopharmaceutical industry. Autoclaves are used in the biopharmaceutical industry to sterilise laboratory
instruments and components, and production equipment such as agitators, bioreactor components, and tubing.
This requires steam energy and water, which has consequential environmental impact and cost. For a given
autoclave, the load to be sterilised may vary considerably over time in terms of mass or volume of load, the type of
load and the material properties of the load, including composition and thermal properties. Consequently, this
acted as the motivation to investigate these various factors and how they influence steam and water energy
requirements, with a view to lowering environmental impact and cost of autoclaving.

Aninitial review of the literature showed that there was much work presented associated with autoclaving in
the canning industry, in particular the steam sterilisation of food and feedstuffs, where autoclaves are typically
loaded to capacity with canned material. However, there was little of relevance to autoclaving of components in
the biopharmaceutical industry. One such relevant study to assess the impact of autoclave use over a long period
of time is that conducted by McGain et al. [20] at the Sunshine Hospital in Melbourne, Australia. The purpose of the
aforementioned study was to quantify, for the first time, steam steriliser resource consumption to provide
baseline environmental data and identify possible efficiency gains. This research was carried out on hospital
steam sterilisers to sterilise various hospital items, such as surgical instruments. McGain et al. [20] sought to find
the amount of steriliser electricity (used to run the steam generator, the vacuum pump and the autoclave
controller) and water used for active cycles (used to sterilise loads) and for autoclave standby, as well as the
relationship between water and electricity consumption and the mass and type of items sterilised. The results
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showed that 60 % of the total electricity usage was used for active sterilisation cycles, while the remaining 40 %
was used during standby time and test cycles. In relation to water usage, 79 % of the total was used for active
sterilisation cycles. The total electricity and water consumption per mass sterilised was estimated to be
1.9 kWh kg and 58 L kg, respectively. McGain et al. [20] concluded that considerable electricity and water use
occurred during autoclave standby. Load mass to be sterilised was only moderately predictive of electricity
consumption and light loads were common yet inefficient. This work quantified, for the first time, long-term
electricity and water use of hospital steam autoclaves, and in doing so provided useful input data for future
life cycle assessments of reusable, steam-sterilised equipment and components. Further, it also identified
opportunities for improved autoclave efficiencies, including shutting down of idle autoclaves and reducing the
number of light autoclave loads.

In this paper, a mathematical model is presented that is used to quantify the energy and water requirements
as well as the environmental emissions and economic operating cost of a steam sterilisation process in an
autoclave. The model is used to provide a more in-depth fundamental study in terms of evaluating the constituent
causes of the total energy and water requirements, and to investigate the effect of parameters, including auto-
clave capacity, load volume and mass, and load material properties. The modelling is then used to highlight
approaches to lowering environmental impact and operating cost associated with steam autoclaves.

2 Mathematical model
2.1 Autoclave cycle

To understand the energy and mass inputs and outputs of the sterilisation process in an autoclave, a process in
accordance with ISO 17665 is chosen and consists of the following five major phases [21]:
(1) Air is removed from the steriliser chamber containing the load by a combination of vacuum and steam
pulses. This is referred to as conditioning.
(i) Saturated steam enters the steriliser chamber until the desired temperature and pressure are reached.
(iii) This temperature and pressure are maintained by saturated steam for the required time.
(iv) Steam is then exhausted from the steriliser chamber, causing a vacuum.
(v) Finally, air is admitted to the steriliser chamber through a microbiologically-retentive filter until atmo-
spheric pressure is reached.

According to this operation, the principal inputs for a steam sterilisation autoclave are water for steam
production, a source of heat to convert water to steam, electricity to power the vacuum pump, and water to run
the vacuum pump.

A sterilisation process calculated to provide a minimum 12-log reduction of microorganisms having a D-value
of 1 min at 121 °C is used. This is the case for Geobacillus stearothermophilus [22]. Validation of a sterilisation
process based on this value is associated with an overkill cycle of 121 °C maintained for a minimum period of
15 min [16]. As a safety factor and to ensure sterilisation has taken place, a period of 25 min is chosen for the
sterilisation process.

The autoclave is treated as a box, as illustrated in Figure 1, and is initially full of air. For the purpose of the
calculations, autoclaves with internal volumes of 1 m® and 4 m? are considered. Air is removed using a vacuum
pump in the conditioning phase. Saturated steam then enters with a temperature of 121 °C and 2 bar pressure, and
is maintained for 25 min to sterilise the load. The steam exits, leaving a vacuum and the vacuum is maintained to
dry the load. Air is then allowed back in until atmospheric pressure is reached. Figure 2 illustrates the pressure
values attained throughout the autoclave cycle, and is based on work presented by Dion and Parker [16]. Heat
required to heat the autoclave structure during the sterilisation process and heat losses to the environment from
the autoclave are also considered. The equations used in the mathematical model are presented in the sections
below, and the calculations were executed using Microsoft Excel. Like any modelling study, the results do depend
on the assumptions made and parameter values used.
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2.2 Load volume and mass

The load refers mainly to material associated with the components to be sterilised. However, autoclaves often
contain trays to support loads in the autoclave, thus for the sake of simplicity, mass of the load and mass of the
load trays are combined and referred to as mass of load.

The maximum mass of load that can be sterilised in an autoclave of a given volume is a very important
parameter in this study. An autoclave cannot be totally filled without impacting the effectiveness of the autoclave
[23].Itis important to leave sufficient room for steam circulation. It is also vital that there is enough space between
the items to be sterilised to allow for adequate steam penetration throughout the load. Furthermore, most
components to be sterilised are not solid blocks of material. They have hollow constructions, such as sections of
pipework, or have irregular shapes that are spaced out from each other, such as surgical instruments. All this
leads to the majority of the chamber volume not being occupied by load material but being occupied by free space
even at maximum load. Considering this, the percentage maximum volume occupied by the load material
(%Vmax 10ad), SUCh as stainless steel in a pipe section, is defined in Equation (1).

Vmax load (1)

%Viax 1oad = v

where Viax 10aq 1S the maximum volume of the load material in an autoclave chamber having an internal volume
V. In this study, two values of %V.x 102 are used to investigate its effect, i.e. 4 % and 20 %. With this, the maximum
load value is determined for a given sized autoclave using Equation (1). The corresponding maximum load mass is
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determined by multiplying this volume times the density of the load material. Stainless steel is chosen as a load
material, as most surgical instruments and manufacturing equipment are constructed from stainless steel.

Some loads may have hollow construction that is closed so that no steam can penetrate the object (e.g. a closed
container). This results in an enclosed volume (Vepqoseq) that steam cannot penetrate into. Considering the above,
the volume of the autoclave chamber available to steam (Venamp) is give in Equation (2).

Vchamb =V- Vload - Venclosed (2)

where Vjgaq is the volume of the load material. In this study, Vepcioseq i mainly assumed to be zero, but some
analysis is presented to show how it can influence the results.

2.3 Vacuum pump electric energy and service water requirement

A liquid ring pump is chosen for the autoclave operation considered in this paper. The main advantages that
liquid-ring pumps have over diaphragm pumps are the high flowrates that they can obtain as well as the
substantial vacuum they can pull (~97 %) [24].

As mentioned earlier, Figure 2 illustrates the pressure values attained throughout the autoclave cycle [16]. A
vacuum is initially pulled from atmospheric pressure down to 0.06 bar to remove most of the air. This is followed
by 3 steam pulses to remove any residual air, where a vacuum is pulled to reduce the pressure from 1.2 bar to
0.06 bar for each of these pulses. After sterilisation, a final vacuum is pulled from 2 bar to 0.06 bar to dry the load.
Figure 2 also provides an insight into the suction times for each of the five suctions, which are around 5 min for the
initial suction, 2 min each for the next three suctions and 5 min for the final drying suction after load sterilisation.
These values are applied in Equation (3) to obtain the suction volumetric flowrate (S) for each of the suctions to
decrease the pressure in a sealed container from an initial value p, to some value p using a vacuum pump [25].

S= K1n<’ﬁ> 3)
t\p

where V is the internal volume of the container, such as the autoclave, and t is the suction time available. The
largest suction volumetric flowrate is obtained for the 2-min suctions, which is around 90 m*h ™ and 360 m*h* for
autoclaves with 1 m® and 4 m® internal volumes, respectively. This is used to select a suitable vacuum pump that
could supply these suction flowrates for the respective autoclaves. For the purpose of the model, a Sterling SIHI
LEMD series 162 liquid ring vacuum pump is selected for the 1 m* autoclave and a Sterling SIHI LEMD series 427
liquid ring vacuum pump is selected for the 4 m® autoclave. Values of the electrical power requirement and
service water requirement for each of the pumps is obtained from manufacturer brochures [24]. These values are
then used to evaluate pump energy and water requirements over their 16-min operation time during an autoclave
cycle.

2.4 Autoclave steam and steam energy requirement

During the operation of an autoclave cycle, steam energy is required for the following:
- Conditioning (Qcona)

- Load heating (Qioaq)

- Steam to fill chamber (Qchamn)

- Autoclave chamber structure heating (Qstruct)

—  Heat losses from autoclave to surrounding environment (Qiqss)

Thus, the heat input into the WFI to produce clean steam for the autoclave (Qautocave) iS given in Equation (4).

Qautoclave = Qcond + Qload + Qchamb + Qstruct + Qloss (4)
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The corresponding masses of steam required to supply this energy is given in Equation (5).
MS = MS_cond + MS_load + MS_chamb + Ms_struct + Ms_loss (5)

Evaluation of the constituent steam energy requirements listed above and the corresponding masses of clean
steam required are outlined in the following Sections 2.4.1-2.4.5. Clean steam is produced from vaporising WFI in
a clean steam hoiler. There is energy required to produce the WFI and there are energy losses in the clean steam
boiler. These are considered in Section 2.4.6.

2.4.1 Steam and steam energy required for conditioning

Initially, conditioning is undertaken to remove air from the autoclave chamber, which includes three
conditioning steam pulses, as illustrated by pressure reduction 2 in Figure 2. During each of these steam pulses
the pressure increases from 0.06 bar to 1.2 bar. The mass of steam required for conditioning (Mg_conq) is given in
Equation (6).

V.
M_cona = 3% <“““’> 6)

Vsteam

where V is the internal volume of the autoclave, Vjg,q is the volume of load material and vgear, is the specific
volume of steam at the operating pressure, which is 1.428 m® kg™ at 1.2 bar pressure.

The associated heat energy input into WFI to produce the clean steam for conditioning (Q.opng) iS given in
Equation (7).

Qcond = M's_cond [pr (Ts-T) + Av] 7

where Ts and A, are the boiling temperature of the steam and its corresponding latent heat of vaporisation,
respectively, and T; and C,,, are the initial temperature of WFI (20 °C) and its specific heat capacity, respectively.

2.4.2 Steam and steam energy required to heat load
Steam condenses on contacting the load as it heats it to the sterilisation temperature. The heat transferred from
the condensing steam (Hj,q) is estimated in Equation (8).

Higaa = MiCpi (T's — Tinitial) ®

where m; is the mass of the load, C,, is the specific heat capacity of the load, and T iS the initial temperature of
the load (20 °C). The mass of steam required to supply this heat energy (Ms_j0.q) is evaluated in Equation (9).

Ms 1oaa = Hioad/) (€)]

where A, is latent heat of condensation of the steam, which is 2202 k] kg™* for 2 bar steam. The associated heat
energy input into WFI to produce the clean steam for heating the load (Q),.q) is evaluated using an equation
similar to Equation (7), where mass of steam is M_jg,q.

2.4.3 Steam and steam energy required to fill the chamber

The internal volume of the autoclave chamber not occupied by the load (and trays) is occupied by steam. The mass
of steam filling the chamber (Ms_champ) is given in Equation (10).

Vchamb

MS_chamb = (10)

steam

At 2 bar pressure, the specific volume of steam is 0.866 m? kg‘l. The associated steam energy (Qchamp) 1S evaluated
using an equation similar to Equation (7), where mass of steam is Ms_cnamp-
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2.4.4 Steam and steam energy required to heat autoclave chamber structure

Steam is required to heat autoclave chamber structure from the initial temperature up to the sterilisation
temperature. The chamber structure is modelled as a stainless-steel structure with a thickness of 5 mm, which is
of sufficient structural thickness for autoclaves operated at 2 bar pressure. The volume of structural stainless steel
is evaluated for a cubic chamber of known internal volume, and its corresponding mass (Mg is estimated
using the density of stainless steel. The corresponding heat transferred from the condensing steam to heat this
mass (Hgryed) 1S estimated in Equation (11).

H struct = mstructcpss (TS - Tinitial) (11)

where Cpq; is the specific heat of stainless steel (0.502 k] kg °C™). The associated heat energy input into WFI to
produce the clean steam for heating the chamber structure (Qguct) is evaluated using an equation similar to
Equation (7), where mass of steam iS Ms_ruct-

2.4.5 Steam and steam energy required to replace heat loss to the surroundings

Sterilisation is taking place at 121 °C, thus heat loss will occur to the surroundings, however this will be influenced
by how well the autoclave chamber is thermally insulated. Heat is transferred by conduction and convection from
the external surface area of the autoclave chamber to the surrounding environment. Initial calculations showed
that heat loss by radiation was negligible. Considering this, the rate of heat loss (Hi.s) is expressed in
Equation (12).

(TS - Tsurr)

Hloss =
Rwall + Rconv

(12)
where Tg,, is the temperature of the surroundings (20 °C), Ry and R oy are the resistances to heat transfer due
to conduction through the chamber insulation and convection, respectively. These resistances are estimated from
considering the thickness of insulation (0.02 m), the surface area of the chamber (which is calculated based on the
geometry of a cube and the internal volume of the chamber), the thermal conductivity of the insulation
(0.035 W m™ °C™), and the convective heat transfer co-efficient (20 W m™ °C™).

The amount of heat energy loss (H),ss) from the autoclave during the sterilisation period of time is given in
Equation (13).

Hloss = Hloss ( tS) (13)

where ¢sis the sterilisation time, which lasts 25 min or 1500 s. The mass of steam required to compensate for heat
loss (Ms_ss) is evaluated using an equation similar to Equation (9). The associated steam energy (Qoss) iS
evaluated using an equation similar to Equation (7), where mass of steam is M_os;.

2.4.6 Energy required to produce WFI and boiler energy losses

The clean steam for the autoclave is produced by first producing WFI, which is then vaporised in a clean steam
boiler, as illustrated in Figure 3. There is an energy requirement for the production of WFI and there are energy
losses associated with the boiler for the clean steam production. These energies are included in the modelling and
are considered in this section.

QIVFI Olboiler
Water WFI WFI Clean steam Ms Autoclave
—> & > 5 >
production boiler Qautoclave

Figure 3: Heat energies involved in the production of a mass
Quboiler_losses of clean steam (Ms) for the autoclave.
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A paper investigating the environmental impact of WFI generation by Idris et al. [26] used SuperPro to model
a process to produce WFI using a multiple effect distillation (MED) system. It was assumed that the MED has 5
effects. The final energy required per kg of WFI produced was estimated to be 857.5 k]. This value is used to
provide an estimate of the thermal energy required to produce the WFI needed (Qwrgy) for the clean steam supply
to the autoclave, as presented in Equation (14).

Qwr = 857.5(M;s) K] (14

The energy input into the clean steam boiler (Qyo1e;) depends on the autoclave steam energy requirement and the
boiler efficiency (). This relationship is expressed in Equation (15).

Oboiter = Qautoctave / n (15)

The boiler efficiency is given a value of 0.85 (or 85%). The boiler energy losses (Qpgier 10sses) ar€ given in
Equation (16).

Qboiler_losses = Qboiler - Qautoclave = Qautoclave(l/ qb - 1> (16)

3 Results and discussion
3.1 Energy requirements

This section initially evaluates the energy requirement of a 1 m® autoclave at full load and presents the breakdown
of constituents of the total energy requirement. The section then investigates the effects of a number of
parameters on the energy requirements, including the mass of load sterilised, autoclave size and the physical
properties of the load (specific heat and density).

3.1.1 Evaluation of energy requirement for a 1 m* autoclave operated at full load

In this section, energy requirement data is presented in Table 1 for a 1 m® autoclave, where the percentage
maximum volume occupied by the load material (%Vyax 10ad) iS 4 % and this maximum is fully loaded to 100 %
with stainless steel load, which results in a load mass of 312 kg. From the data presented in Table 1 it is clear that
the total thermal energy required for the autoclave cycle is much greater (~18 times) than the electrical energy
needed to run the vacuum pump.

Of the total thermal energy requirement, the autoclave represents around 67.7 %, the WFI production is
22.15 % and clean steam hoiler losses are around 10.15 %. This remains a constant breakdown irrespective of load
because the energy associated with WFI production and clean steam boiler losses is directly related to the thermal
energy requirement of the autoclave supplied by the clean steam.

Of the autoclave steam thermal energy (Table 1), less than half or around 44 % is needed to heat the load. In
relation to the remainder, 33 % is needed to heat the autoclave chamber structure, 12 % is for conditioning, 7 % for
steam filling the chamber and 4 % for heat losses. Of course, the energy requirement and their breakdown will be
influenced by the mass of load sterilised, which is discussed in detail in the next section.

The heat loss to the environment is relatively low at 4 % but this does depend on insulation. If the 2 cm
thickness insulation is removed, then the autoclave thermal energy requirement increases from 43 to 63 MJ, with
heat loss accounting for 35 % of the autoclave thermal energy requirement. Consequently, it is important to
ensure that there is adequate insulation to prevent heat loss being a significant contributor to the autoclave steam
energy requirement.



10 — . O’Callaghan et al.: Steam sterilisation autoclaves DE GRUYTER

Table 1: Energy and water requirements for 1 m? autoclave operated at 100 % of maximum load for %Vmax 10ad = 4 % and 20 %.

Component of autoclave operation %V max load = 4% %Vmax load =20 %

Load mass (kg) 312 1560

Electrical energy (M))

Vacuum pump energy 3.46 3.46

Autoclave steam thermal energy (M))

Total autoclave thermal energy 429 117.0
Breakdown of energy associated with:
Conditioning 5.2 44
Load heating 18.9 94.3
Filling chamber with steam 2.9 24
Structure heating 14.1 14.1
Losses to surroundings 17 1.7

Clean steam thermal energy (M))

Thermal energy to produce WFI 14.0 38.2
Clean steam boiler losses 6.4 17.5

3.1.2 Effect of load sterilised on energy requirements

The mass of load sterilised will have a major influence on the energy requirement. The mass of load is influenced
by the load capacity of the autoclave (or how much load can be placed in the autoclave) and how much of this
capacity is actually used in practice.

In Section 2.2, the percentage maximum volume occupied by the load material (% Vpax _10ad) is defined and is
used to evaluate the maximum volume and mass of the load material in a given autoclave. This will vary
depending on the type of loads being sterilised, as highlighted in Section 2.2.1. Two values of 4 % and 20 % are
investigated in this study and the results are presented in Table 1. At %Viax _10aa = 20 %, the load mass is 5 times
greater than at %Vimax _10aa = 4 %, and this consequentially translates into the load heat requirement being also 5
time greater. However, the autoclave steam thermal energy requirement is only around 2.7 times greater. This is
because the structure and heat loss terms remain unchanged, and the conditioning and chamber filling energies
reduce a little due to higher load volume resulting in lower non-load space volume in the chamber.

As highlighted above, the mass of load in the autoclave is also influenced by how much of the autoclave load
capacity is actually utilised in practice. Many autoclaves for various reasons are not operated at 100 % of their
maximum load capacity. The model is applied to perform energy calculations for different loads or percentage of
maximum load. Calculations are carried out in the range of 0 %-100 % of max load for a 1 m* autoclave with a
%Vmax _load =4 %. Figure 4 illustrates the effect of percentage of maximum load on the autoclave thermal energy
requirement and the pump energy needed to supply the vacuum. Autoclave thermal energy requirement is much
greater than pump electrical energy requirement, as illustrated by the different scales used in Figure 4.

Pump energy does not change with increased load in the model. This is because it is a specific pump operating
at a fixed speed. However, as the load volume increases, there is less residual air removal required and pump
suction flowrate requirement will decrease. This requirement is not a major decrease because the non-load
volume takes up most of the internal volume ranging from 96 to 100 % depending on autoclave load capacity and
percentage used.

Autoclave thermal energy increases with load as expected, as more energy is required to sterilise a greater
load. However, it should be noted that even with no load, there is a significant thermal energy requirement of
about 24.4 MJ. This is nearly 57 % of the 42.9 MJ at 100 % load. Consequently, increasing load does increase thermal
energy requirement but the rate of increase is not as large as may intuitively be expected because of the major
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thermal energy requirement at zero load. McGain et al. [20] also highlight this point, that the load mass was only
moderately predictive of energy consumption.

Figure 5 provides a breakdown of the thermal energy and how it is affected by load for a 1 m® autoclave with a
%Vmax _load = 4 %. As expected, load heating requirement increases with higher load, which results in the
autoclave steam energy requirement increasing with increased load. WFI thermal energy increases with load
because more WFI is required to produce the greater amount of steam needed to sterilise a larger load. Autoclave
chamber structure heating is unaffected by load and is the highest contributor to autoclave steam energy
requirement up to about 75% max load. Figure 5 also shows that losses to environment remain constant
regardless of percentage of max load sterilised. Steam energy associated with conditioning and chamber fill
decreases with higher load, but this is only a small decrease. This is because there is less non-load volume in the
chamber at higher loads (i.e. 1m® at 0 % max load and 0.96 m® at 100 % max load) resulting in less steam required
for conditioning and chamber fill.

As highlighted in Section 2.2, some loads may have an enclosed empty volume (Vencoseq) that steam cannot
penetrate into, such as a closed container. This reduces the volume available for steam in the autoclave, which
will correspondingly reduce the steam energies associated with conditioning and chamber fill.

3.1.3 Effect of load sterilised on specific energy requirements

Figure 5 shows that autoclave thermal energy increases with higher loads, however the specific energy (or energy
required to sterilise a kg of load) is possibly more important, and this is illustrated in Figure 6. This shows that

-4 -Q_cond —e—(Q_load
- & = Q_chamb —oe—Q_struct
20 - —*%—Q_loss = 0 o===-- Q_wfi

= e

Thermal energy (M)
[N
o

Figure 5: Effect of % of maximum load on the constituents of
% of maximum load the clean steam energy.
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increasing the load in a given autoclave has a major impact on both thermal and pump specific energy consumed.
The sterilisation of a greater load results in lower specific energies, thus it is much more energy efficient to
operate an autoclave at higher loads, ideally at its maximum load volume. McGain et al. [20] also highlighted this
effect, where it is more energy efficient to operate an autoclave less frequently at higher loads. The rationale
for the large reduction in specific energies at higher load are essentially two-fold. Firstly, thermal energy
requirement is a significant value with no load and only modestly increases with higher load, as highlighted in the
previous section. Secondly, the thermal energy associated with conditioning and chamber filling with steam
decreases at higher load, thus the specific energy associated with these constituents is going to decrease even
more at higher loads.

From the data presented in Figure 6 it can be established that operating a1 m> autoclave at 100 % of maximum
load capacity is around 6 times more steam energy efficient than operating at just 10 % of maximum load capacity.
Furthermore, as Figure 6 displays an exponential decrease, then operating at 100 % max load is around 57 times
more steam energy efficient than operating at 1% of max load.

3.1.4 Effect of autoclave size

Two autoclaves, one with a capacity of 1 m®, and the other having a capacity of 4 m® are both loaded at 100 % of
their respective maximum load volumes. Table 2 shows the effect of autoclave size on specific energy re-
quirements. The pump specific energies are fairly similar, with the difference being due to the specification of two
different pumps.
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Table 2: Effect of autoclave size on specific energy and specific water requirements, where both autoclaves (1 m*volume and 4 m* volume)
are operating at 100 % of maximum load for %Vmax 10ad = 4 %.

Component of autoclave operation 1 m? autoclave 4 m® autoclave

Electrical specific energy (kJ/kg)

Vacuum pump specific energy 1.1 9.2

Autoclave steam thermal specific energy (kJ/kg)

Total autoclave thermal specific energy 137.5 106.8
Breakdown of specific energy associated with:
Conditioning 16.8 16.8
Load heating 60.4 60.4
Filling chamber with steam 9.3 9.3
Structure heating 453 18.0

Losses to surroundings 5.6 2.2
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Table 2 shows that the autoclave steam specific energy requirement is about 22 % lower for the larger
autoclave. However, Table 2 also shows the steam specific energy requirements associated with conditioning, load
heating and chamber fill are identical for each autoclave. The reduction at larger autoclave size is associated
with the structure heating in particular and heat loss to the environment. The fundamental reason for these
differences in specific energy requirements is because load volume has a cubic (or power to the 3) scale-up while
structure heating and heat loss are both scaling up with the chamber surface area, which is a square (or power to
the 2) scale-up.

3.1.5 Effect of an identical load being processed in two autoclaves of different capacity (1 m® and 4 m®)

A comparison of the energy needed to autoclave a 100 kg stainless steel load in 1 m*® and 4 m® autoclaves is
presented in Table 3. The pump energies for the 1 m® and 4 m® autoclaves are 3.46 and 11.5 MJ, respectively. This
shows an expected increase in the electricity needed to power the larger vacuum pump for the larger autoclave,
as more residual air needs to be removed from the larger autoclave. The autoclave steam energy consumption for
the 4 m® autoclave is over double or 115 % greater than if the 100 kg load is sterilised in the 1 m® autoclave. The
steam energy associated with conditioning and chamber fill shows a 4 times increase and that associated with
structure heating and heat loss increases shows a 1.6 times increase.

Considering the above, if an organisation needs to autoclave materials where the majority of the loads are
relatively small and there are only a few larger loads, then it may make energy, environmental and financial
sense to purchase two autoclaves. One larger autoclave could be reserved for sterilising the infrequent larger
loads and an additional smaller autoclave could be purchased to sterilise the numerous smaller loads. This would
eliminate inefficiencies caused by running the larger autoclave when the load is not sufficiently large enough to
make sufficient use of it.

3.1.6 Effect of specific heat and density of load

The model is now implemented for a fixed volume autoclave (4 m*) and loaded with stainless steel and polyvinyl
chloride (PVC) loads to observe the effect of load material properties on energy requirements, in particular
specific heat and density of load. The autoclave is operated with a %Viyax _10ad =4 % and at 100 % of the maximum
load, and the results are presented in Table 4. The two loads, while of different masses, have the same volumes.
The values for vacuum pump energy are identical, however, the specific pump energy requirement is higher for
the PVC because of its lower density [27].

The non-load volume in the chamber is the same irrespective of load material because the load volumes are
the same. Consequently, the steam energy requirements for conditioning and chamber fill are the same for both

Table 3: Comparison of requirements for autoclaving an identical load (100 kg stainless steel) in 1 m* and 4 m® autoclaves.

Component of autoclave operation 1 m? autoclave 4 m® autoclave

Electrical energy (MJ)

Vacuum pump energy 3.46 11.5

Autoclave steam thermal energy (M))

Total autoclave thermal energy 30.3 65.1
Breakdown of energy associated with:
Conditioning 5.4 21.8
Load heating 6.0 6.0
Filling chamber with steam 3.0 12.1
Structure heating 14.1 224

Losses to surroundings 1.7 2.8
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Table 4: Effect of load specific heat and density on energy and water requirements in a 4 m® autoclave operating at 100 % of
maximum load (%Vmax 1oad = 4 %).

Energy and water requirements Stainless steel PVC
Density (kg/m®) 7800 1370
Load mass (kg) 1248 219
Specific heat (kJ/kg °C) 0.502 1

Energy requirement (MJ)

Vacuum pump energy 11.5 11.5
Autoclave thermal energy 133.3 84.2

Specific energy requirement (kJ/kg)

Vacuum pump energy 9.2 52.6
Autoclave thermal energy 106.8 384.6

Thermal energy to produce WFI (MJ)

Thermal energy to produce WFI 43.6 27.6

loads. Also, the structure heat requirement and heat loss are the same irrespective of the load because
the chamber volumes are identical. The reason for the difference in autoclave steam energy requirement is due to
the load heat requirement which depends on the load material. The stainless steel has a higher load heat
requirement of 75.4 MJ in comparison to 26.4 MJ for the PVC. These values are directly related to the density times
specific heat for both materials which is 3916 and 1370 k] m™ °C™! for stainless steel and PVC, respectively.
Furthermore, since the specific heat capacity of PVC is twice that of stainless steel [28], it takes twice as much heat
toraise the temperature of a unit mass of PVC by 1 °C. Therefore, the autoclave specific thermal energy required is
greater for the PVC load. Overall, larger density and higher specific heat capacity results in greater autoclave
steam energy requirement, while higher specific heat results in greater autoclave specific steam energy
requirement.

3.2 Emissions to the environment

The autoclave emissions that can impact on the natural environment are those associated with the supply of
energy to an autoclave, in particular the thermal energy and vacuum pump electrical energy. The autoclave
energy to provide the clean steam is usually supplied by utility steam to convert WFI into clean steam and also in
the production of the WFI. The utility steam is typically produced in a steam boiler, and consequently the
emissions are those associated with the combustion of fuel in the boiler. The vacuum pump requires electrical
energy, thus the emissions associated with this depends on the source of electricity and power plant used in
its generation. These emissions can be estimated using the calculated thermal and electrical demands of the
autoclave in combination with emission factors associated with the combustion of fuel in the boiler and electricity
generation.

For example, a 1 m* autoclave in which two 50 kg stainless steel loads (~16 % of maximum load) are sterilised
separately every day during the year is considered. The thermal energy is supplied using a natural gas boiler with
a boiler efficiency of 85 %. The pump electrical energy is supplied from the grid, which has an emissions profile
similar to that in Ireland [29]. The annual emissions for the autoclave are presented in Table 5 using emission
factors associated with carbon dioxide and NOx emissions [30, 31], natural gas combustion [32, 33], coal
combustion [34, 35] and other emission factors [36]. CO, accounts for the vast majority of the emissions, and small
quantities of carbon monoxide, nitrous oxides, sulphur oxides, particulates, and trace quantities of mercury are
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also released. As the emissions are associated with energy, the quantity of emissions will be proportional to
energy usage. Consequently, the quantity of emissions discharged per kg of load will decrease as the percentage of
maximum load volume increases in the autoclave. Therefore, it is more efficient, in terms of emissions reduction,
to operate an autoclave at higher loads.

3.3 Water requirements

The water requirements and specific water requirements at different values of percentage of maximum load are
presented in Figure 7 for a 4 m® autoclave. The major water requirement is for the vacuum pump, as illustrated in
Figure 7(a). This greatly exceeds that of the WFI requirement for clean steam at all loads, especially at lower loads.
The pump water requirement is 90 % of the total at 100 % max load. As expected, the WFI requirement increases
with increased load, as more clean steam is required to sterilise the larger load. The pump water requirement

Table5: Annual emissions from a 1 m® autoclave in which two 50 kg stainless steel loads are sterilised separately every day during the year.

Pollutant  Emissions associated with thermal energy require- Emissions associated with the vac-  Total emissions
ment (kg) uum pump (kg) (kg)
CO, 1956 216.25 2172.6
co 48 4.05 52.5
NOyx 80 8.1 88.4
SOy 0.35 12.30 12.65
Particulates 0 1.82 1.82
Hg 0 1.78 x 107 1.78 x 107°
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remains the same despite changes in load volume. The pump used for the 4 m® autoclave (Sterling SIHI LEMD 427
series liquid ring vacuum pump) requires the same volume of service water regardless of percentage of
maximum load volume [24]. Figure 7(b) shows that the specific water requirement greatly decreases with
increased load, thus it is desirable from a water resource efficiency perspective to operate at higher loads.

3.4 Cost

The cost associated with an autoclave are its capital cost and operating cost. A major component of the operating
cost is the cost of energy. From the previous analysis, autoclave energy cost during a cycle will depend on the size
of theload it is autoclaving and will thus vary in a similar way to energy presented in Figure 4. More importantly,
the specific energy cost (energy cost per kg of load) will depend on the percentage of maximum load that an
autoclave is operating at and will thus behave in a similar manner to specific energy as presented in Figure 6.
To illustrate this, cost calculations were performed on a 4 m* autoclave operated at different loads. The cost of
grid electricity was taken to be €0.05556/M] [37], and the cost of supplying clean steam was €0.01861/M]J [37].
Figure 8 illustrates the effect of percentage of maximum load on the energy cost during one cycle and the specific
energy cost. Figure 8(a) shows that energy cost increases with greater load, as expected, and that the thermal
energy cost is much greater than pump energy cost for all loads. Like with energy, there is a significant energy cost
at zero load which is nearly 53 % of the cost at 100 % of maximum load. Figure 8(b) shows the beneficial effect of
operating at higher loads by the large reduction in specific energy costs at higher loads. For example, the specific
energy cost is nearly 6 times lower when operating at max load in comparison to operating at 10 % of max load.
The above data can be used to calculate the annual cost saving associated with operating at 100 % of max load
as opposed to 20 % of max load in a 4 m® autoclave. For example, let’s say it was required to carry out an autoclave
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cycle at 20 % of max load every day for a year. Let’s say that this was replaced by an autoclave cycle at 100 % of
max load every 5 days throughout the year. After running the model for the two aforementioned scenarios, the
sterilisation of 20 % of maximum load every day for a year resulted in a cost of €976. The sterilisation procedure at
100 % of maximum load, every 5 days for a year costs €314. Even though the cost in this example does not
represent a large economic value, this is a saving of nearly 68 %. Increasing energy costs would of course increase
the cost differential pro-rata, while maintaining the percentage saving.

3.5 Opportunity for energy, emissions, and cost savings

The percentage of maximum load at which an autoclave operates has a major impact on the energy requirement,
emissions, and energy costs, as shown in the previous sections. From this, it is desirable to operate consistently at
as close to 100 % of maximum load as possible, in order to minimise energy usage, emissions, and energy costs. It
may not be possible to do this in practice due to variations in the amount of load requiring autoclaving over time.
This can often times lead to the specification of a large autoclave that can deal with the largest load. This will result
in inefficiencies if the majority of the loads are much smaller and thus the autoclave is being predominantly
operated at a low percentage of maximum load. In this situation, it may be worth having two autoclaves, a small
autoclave that is more suitable for routine sized loads and a large autoclave that is occasionally required for the
larger loads. This is an interesting optimisation problem to establish the size of the smaller autoclave that can
minimise the net present value of the investment in two autoclaves to sterilise a specified load versus time profile.
It will depend on whether or not the cost savings can justify the capital expenditure, which will intrinsically
depend on how much autoclave activity is required.

4 Conclusions

The two main energy requirements are thermal energy to produce the clean steam for sterilising, and electrical
energy for the vacuum pump to remove air prior to sterilisation. Thermal energy is dominant, particularly as load
increases. For a given size autoclave, the energy requirement is greater with greater load to be sterilised, as might
be expected. However, the energy requirement only modestly increases with increased load. The rationale for
this is that there is a significant amount of energy required to operate the autoclave with no load, and the energy
requirement only gradually increases as load increases. Of course, more energy is required to heat more load,
however some of the constituents of the energy requirement decrease with higher load. These include the steam
energy used in initial conditioning to remove air and in filling the chamber during sterilisation, because there is
less non-load volume in the autoclave at higher loads.

The study shows that the maximum load capacity of an autoclave and how much of it is utilised in practice has
a major impact on the specific energy requirement or the energy required to sterilise a unit mass of load. This in
turn impacts on the emissions and the energy cost. It is shown that it is much more energy efficient to operate at
higher loads, ideally at 100 % of maximum load. This makes the autoclave much more energy and cost effective,
and has less environmental impact. There is potential for applying the analysis presented in this work for
conducting optimisation studies for determining the sizes of autoclaves that could minimise the economic cost of
investments for specific load versus time profiles.

In the context of a processing plant, the value of the energy, emissions, and cost savings by trying to reduce
specific energy requirements do depend on the scale of the autoclaving activity required during production and
how this compares to other energy uses. This may prove to be relatively small in some industries, however every
initiate to reduce energy and associated emissions and improve cost savings in a processing facility do add up to
improve overall performance.
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